A series of numerical experiments were conducted in order to investigate the impact of global warming on snow amount in Japan during early winter. After confirming the accuracy of hindcast simulations for a HighSnow-Cover (HSC) year and a Low-Snow-Cover (LSC) year, dynamical downscaling experiments were conducted in order to make future projections using the Pseudo-Global-Warming method. The precipitation, snow depth, and surface air temperature of the hindcast simulations show good agreement with the AMeDAS station data. At the end of December, the decreasing ratios of snow water are more significant in areas with an altitude of less than 1,500 m. The increase in the air temperature is one of the major factors influencing the decrease in snow water since the present mean air temperature in most of these areas is near 0 C even in winter. On the other hand, the change in the mean areal precipitation due to global warming is less than 15% in both years.
INTRODUCTION
Although a heavy snowfall often brings disaster, snow cover is one of the major water resources in Japan. Even during the winter, the monthly mean of the surface air temperature often exceeds 0 C in large parts of the heavy snow areas along the Sea of Japan. Thus, snow cover may be seriously reduced in these areas as a result of global warming, which is caused by an increase in greenhouse gases.
Currently, most GCMs cannot reproduce local climates, which are directly related to orography (IPCC, 2007) . Other methods, such as dynamical downscaling (e.g. Kurihara et al., 2005 and Japan Meteorological Agency, 2008) , statistical downscaling (e.g. Yokoyama and Inoue, 2007) , and direct simulation by highresolution GCM (e.g. Hosaka et al., 2005) , have been employed to project small-scale climate conditions. Extremely high horizontal resolution, for example a grid interval of less than several kilometers, is required to reproduce snow cover because the snow cover depends strongly on the local climate and small-scale orography.
Because of the large interannual variability of snowfall in Japan, long-term dynamical downscaling or ensemble projections are necessary in order to determine the change in snow cover due to global warming. Long-term integration with a several-kilometer grid is, however, quite difficult to obtain because of a lack of computational resources. In order not to concern such a large year-to-year variability with short period numerical experiments, we use the Pseudo-Global-Warming (PGW) method.
The Pseudo-Global-Warming (PGW) method Sato et al., 2007 ) is a dynamical downscaling method that allows the projection of regional climate change using a regional climate model. In the PGW method, initial and lateral boundary conditions are given by the sum of 6-hourly reanalysis data and the components of climate change, which are the monthly averaged differences between the present and the future climate projected by a GCM. These boundary conditions are expected to have similar climatology to those of the future climate projected by the GCM, but the daily evolution is similar to that in the present years. The PGW method allows a comparison of the climate in the present year and that in a PGW year, which is similar to the control year in terms of the interannual variation but includes future climatology.
The objective of this research is to investigate the impact of global warming on snow amount in Japan during early winter. We used the PGW method to directly compare future snow depth with that of the present without regarding the interannual variability. Numerical simulations in this study are performed with a five-kilometer grid interval to include the effects of small-scale orography.
DESIGN OF NUMERICAL EXPERIMENTS
Our focus is the early winter (December) in 2005 and 2006. The former was an extremely High-Snow-Cover (HSC) year, while the latter was a typical Low-SnowCover (LSC) year during the 22-year period from 1985 to 2006. To estimate the difference of the impact of the global warming on snow amount between the HSC and LSC cases, we chose the two extreme cases.
The numerical study included four experiments: two realistic runs (CTL-HSC and CTL-LSC) and two PGW runs (PGW-HSC and PGW-LSC). The CTL runs were simple hindcast runs using 6-hourly NCEP/NCAR reanalysis (Kalnay et al., 1996) for the boundary conditions, including SST given by the skin temperature of the reanalysis. To estimate the amount of snow in the 2070s, we applied the PGW method to both cases. The boundary conditions of the PGW runs were obtained through a reanalysis modified by the global warming components of the 2070s for monthly averaged air temperature, horizontal wind, geopotential height, and SST. The relative humidity was assumed to be the same as that of the present climate because the estimated change in relative humidity was small (IPCC, 2007) . The global warming components were estimated as the monthly averaged difference between the 10-year average of the 21st Century projection from 2071 to 2080 and the 20th Century simulation from 1991 to 2000 by MIROC 3.2 CGCM (Nozawa et al., 2007) . The 21st Century projection was performed for 2001 to 2100 based on an A2 scenario presented by the IPCC Special Report on Emissions Scenarios (SRES). The global warming components indicate that the air temperature rises 3 4 C in the troposphere, while the SST rises 2 3 C around Japan in December. A comparison of the CTL and PGW runs allows the projection of the change in snow depth due to global climate changes.
All simulations were conducted by two-way nesting using the WRF ARW-core model V2.2 (Skamarock et al., 2005) . The coarse domain is covered by 120 × 100 grids at a 20-km grid interval, while the fine one is covered by 373 × 333 grids at a 5-km grid interval. Both domains have 27 vertical layers. The nudging technique was not used for the internal grid points in the experiments. The WRF-Single-Moment 6-class microphysics scheme and Noah land-surface model were adopted in both domains. The microphysics scheme separately estimates three categories of precipitation: rain, snow, and graupel. In this study, "snow" is assumed to be the sum of the latter two categories. The Noah-land-surface model includes a simple one-layer snow model that can simulate snow accumulation, sublimation, and melting. The simulations started at 00Z 21 November and ran for 41 days in each case. Assuming the first 10 days to be a spin-up duration, we analyzed the remaining 31 days in December.
RESULTS
The simulated results are discussed by focusing on the study areas shown in Figure 1 . The observed snow depths at the end of December in the HSC and LSC cases are shown in Figure 2a and 2b, while the simulated snow depths in the CTL-HSC and CTL-LSC runs are shown in Figure 2c and 2d, respectively.
In the HSC case, the stations showing snow depths above 100 cm are distributed mostly in the central mountain range on Honshu Island, and those showing snow depths above 50 cm are distributed along the mountainous area even in southern Honshu Island, i.e., the San-in and Hokuriku areas (Figure 2a ). The snow cover is widely extended in the lower regions along the coast of the Sea of Japan and the Western Tohoku and Hokkaido areas. The simulated distribution of snow depth in the CTL-HSC run (Figure 2c ) agrees well with the observation. The extent of the snow cover, as well as the areas with a snow depth of more than 100 cm, is quite similar to those of the observation.
In the LSC case, heavy snow cover in excess of 100 cm is difficult to find at the AMeDAS stations, as shown in Figure 2b , although the difference in the extent of snow is insignificant between the HSC and LSC cases. As shown in Figure 2d , the CTL-LSC run accurately simulates these characteristics. Therefore, the heavy snow cover in the CTL-LSC over the mountainous areas is much less than that in the CTL-HSC run, but the extent of snow is not much different from that in the CTL-HSC run. Table I shows the mean areal monthly precipitation observed at AMeDAS stations and the simulated one in the CTL runs. The former is the mean of all stations, and the latter is the mean of the grid point nearest each station in the study area. In the Hokkaido and Western Tohoku areas, the difference in the observed precipitation is small, i.e., within about 10%, between the HSC and LSC cases. In the Hokuriku and San-in areas, located in the southern part of the snowy areas, the observed precipitation in the HSC case is as much as twice that of the LSC case.
The differences between the observed and simulated precipitation amounts are less than about 30% in all areas. The difference in the observed precipitation between the HSC and LSC cases is small, i.e., within about 20% in the Hokkaido and Tohoku areas, while the simulated precipitation in the LSC case is less than 60% of that of the HSC case in the Hokuriku and San-in areas. The differences of the area mean of the simulated precipitation between the HSC and LSC cases are almost the same as the ones of the observation. These facts indicate that the simulated precipitation agrees well with the observation. Figure 3 shows the monthly mean air temperature at screen height in the HSC and LSC cases; in this figure, Estimation of the Impact of Global Warming on Snow Depth in Japan by the Pseudo-Global-Warming Method 3a and 3b show the observations, and 3c and 3d show the CTL runs. In the HSC case, the observed temperature is about 0 C in the lower parts of the San-in and Hokuriku areas. In the LSC case, on the other hand, the observed temperature is 3 5 C in these areas, i.e., about 4 C higher than that in the HSC case.
The PGW runs indicate a smaller extent of snow cover, as shown in Figure 2e (PGW-HSC run) and 2f (PGW-LSC run). The snow cover nearly disappears along the coastal areas on Honshu Island in the PGW-HSC run, while the extent of snow cover is significantly reduced not only along the coastal areas but also in the mountainous areas of Honshu Island in the PGW-LSC run. The areas where the air temperature is lower than 0 are almost the same as the areas where the snow depth is greater than 0.1 cm as shown in Figure 2 . Table II indicates the snow depth in the five study areas in the CTL and PGW runs. The mean snow depth is calculated in the same manner as for Table I . The snow depth of the PGW runs in the southern area (Niigata, Hokuriku, and San-in) decreases to less than a quarter of those of the CTL in the HSC and LSC cases. Even in the northern area (Hokkaido and Western Tohoku), the snow depth in the PGW runs decreases to about one-third of those in the HSC and LSC cases. Table III shows the total snow water in the areas categorized by the elevation of the ground surface. The study area was divided into the northern and southern areas according to the sensitivity of global warming to the snow depth, shown in Table II .
Snow water decreases most drastically at elevations under 500 m in both areas. In the northern area, more than 90% of the total snow water is distributed in the area lower than 1,000 m in the CTL-HSC and CTL-LSC runs. In the HSC case, the decreasing ratio of more than 50% is limited in the area lower than 500 m, while it appears even at 500 to 1,000 m in the LSC case.
In the southern area, on the other hand, the decreasing ratio of more than 50% extends to the areas lower than 1,000 m in the HSC case, and it covers the entire area in the LSC case. Snow water disappears at elevations under 500 m in the LSC case. The total snow water of the PGW in all of Japan is 38% and 52% of the CTL in LSC and HSC cases, respectively.
DISCUSSION
The snow cover change may depend on the precipitation and air temperature. As shown in Table I , the precipitation changes between the CTL runs and the PGW runs are less than 10% in both cases, which suggests that the prominent reduction in the snow cover is caused primarily by an increase in the air temperature. The similarity between the horizontal distributions of changes in snow depth (Figure 2 ) and air temperature (Figure 3 ) is evident. The surface air temperature affects both the snowmelt and the ratios of snow and rain to precipitation. Figure 4 shows the ratio of snowfall to total precipitation. Although the ratio exceeds 80% in a wide area of Japan in the CTL-HSC run, it decreases to less than 50% in most of the lower areas in the PGW-HSC run. Even in the mountains, the ratio of snowfall seldom exceeds 50% on Honshu Island. The distribution of the ratio of snowfall is also quite similar to those of snow cover and air temperature. These results suggest a simple mechanism for the reduction of the snow cover. The surface air temperature increases because of global warming, and the chance of snowfall then decreases so that snow cover is prominently reduced, particularly at the lower elevations of Honshu Island. The results of the dynamical downscaling may depend on the boundary condition given by GCMs and 63 Figure 3 . Same as Fig. 2 except for the monthly averages of air temperature at screen height in December. its scenarios. Yokoyama and Inoue (2007) estimated future snow depth by statistical downscaling using the projections given by six coarse-grid GCMs. They reported that the vulnerability of snow depth to global warming is significant in most areas along the coast of the Sea of Japan on Honshu Island and that the reduction in snow water is primarily affected by the temperature, although the amount of precipitation depends on the GCMs. They estimated that the total snowfall in Japan would decrease by about 56% after 100 years. Their results basically agree with our downscaling, except in Hokkaido, where they estimated an insignificant change in snowfall.
CONCLUSION
We investigated the impact of global warming on snow depth in Japan during the winter of HSC and LSC using the PGW method. The CTL runs show good agreement with the observed precipitation in the HSC and LSC cases. The snow depth in the 2070s estimated by the PGW runs is substantially smaller than the present snow depth simulated by the CTL runs. In most areas, the snow depth of the PGW is less than 40% of that of the CTL in both cases. In the LSC case, the total snow water of the PGW is less than 38% of that of the CTL in all of Japan. In the HSC case, on the other hand, the total snow water of the PGW is 52% of that of the CTL since more than half of the snow water remains in mountainous areas at elevations in excess of 500 m. Reductions in snow depth are more prominent in the areas at elevations lower than 500 m in both the HSC and LSC cases. It is especially notable that the areas along the Sea of Japan on Honshu Island experience a reduction of threequarters of the present depth.
These results depend on the GCM, which gives the boundary conditions of the RCM. In particular, the temperature change of the GCM will be quite sensitive to the change in snow depth. MIROC, the GCM adopted in this study, tends to give a slightly greater temperature change among the GCMs of the phase 3 of the Coupled Model Intercomparison Project (CMIP3). The decrease of the snow cover may be underestimated in our experiments.
The projection of the snow cover is limited to December. The role of air temperature in the snow cover may change during the season of snowmelt. For a detailed discussion of the change in snow cover through winter season, longer-term simulations are needed. 
